Connexin43 (Cx43) is a transmembrane protein that forms gap junction channels. Regulation of Cx43 turnover is one mechanism to control the level of intercellular communication that occurs through gap junction channels. Proteasomal degradation of Cx43 is regulated in part through CIP75, a ubiquitin-like and ubiquitin-associated domain containing protein. CIP75 interacts with endoplasmic reticulum-localized Cx43, as demonstrated through co-immunoprecipitation and immunofluorescence microscopy experiments. CIP75 also binds to free monoubiquitin and lysine 48-linked tetraubiquitin chains in vitro and binds to ubiquitinated proteins in cellular lysates. However, analysis of Cx43 that immunoprecipitated with CIP75 demonstrated that the Cx43 associated with CIP75 was not ubiquitinated, and a mutant form of Cx43 that lacked lysines capable of ubiquitination retained the capacity to interact with CIP75. These results suggest that although CIP75 can interact with ubiquitinated cellular proteins, its interaction with Cx43 and stimulation of Cx43 proteasomal degradation does not require the ubiquitination of Cx43.
Gap junctions are plasma membrane channels that mediate direct cell to cell communication. These channels allow the intercellular transfer of ions and molecules that are less than 1000 daltons, such as secondary messengers and small metabolites. The regulation of gap junctions is critical for the maintenance of normal tissue function. Gap junctions are composed of individual proteins (connexins) that oligomerize to form a six-member multimeric connexon, with two connexons in adjacent cell membranes docking across the intercellular space to form a complete gap junction channel (1) . Gap junctional intercellular communication has an important role during development as well as in maintaining normal cell homeostasis (2) (3) (4) . Misregulation of gap junctional intercellular communication and connexin levels can result in human diseases, such as heart arrhythmias (5) (6) (7) , developmental diseases including oculodentodigital dysplasia (8) , and cancers (9) .
Connexins are highly labile proteins, having short half-lives of 1.5-5 h (10 -14) . Therefore, the mechanisms that control connexin levels and turnover must be tightly regulated. Connexins are known to be degraded through both the lysosomal and proteasomal degradation pathways (14 -18) . However, the exact mechanisms that regulate these pathways for the most prevalent connexin, Cx43, are unclear.
Connexin-interacting proteins have been studied with a great deal of interest because several have been implicated in aiding Cx43 degradation (19) . The actin-binding protein ZO-1 (zonula occludens 1) has been demonstrated to be involved in the internalization of gap junction-associated Cx43 from the cell membrane, presumably leading to lysosomal degradation (20 -26) . Our laboratory discovered that the Rab-GAP protein CIP85 is also involved in Cx43 lysosomal degradation (27) . Previous studies have also demonstrated Cx43 degradation via the proteasome pathway (14, 17, 18, 28 -30) . In particular, Cx43 that is translocated out of the ER 2 can be degraded by the proteasome via the process of ER-associated degradation (ERAD) (14, 30) . However, the mechanism by which this occurs has not been fully elucidated, although most proteins that are degraded by the ERAD pathway are typically marked by ubiquitination (31, 32) .
UbL-UBA proteins are a part of the UDP (ubiquitin domain protein) superfamily (33) . They contain a N-terminal UbL domain and one or more C-terminal UBA domains. UbL-UBA proteins have been found to be involved in a variety of processes, such as nucleotide excision repair (34) and spindle pole body duplication (35) , but have also been implicated in proteasomal degradation (36 -40) . Multiple UbL-UBA proteins have been demonstrated to bind to components of the 26 S proteasome holoenzyme (40 -43) . For example, Rad23 is able to interact with Rpn1 and Rpn10, members of the 19 S cap subunit, through the UbL domain (40, 43) . The UDP family of proteins is also known to interact with ubiquitinated proteins via the UBA domain (42, 44 -48) . Because ubiquitination is typically considered the tag that marks proteins for proteasomal degradation (31, 32) , this suggests a role for the UbL-UBA proteins in proteasomal degradation, possibly as a shuttle or an adaptor protein to bring target substrates to the * This work was supported, in whole or in part, by National Institutes of proteasome to be degraded. In fact, Rad23 is involved in the degradation of the tumor suppressor p53, the CDK inhibitor Sic1, and the SCF Cdc4 substrate Far1 by proteasomes (49 -51) . Our previous studies identified the UbL-UBA protein CIP75 as a Cx43-interacting protein that is also able to interact with the Rpn1 and Rpn10 proteasomal proteins via its UbL domain (52) , suggesting that CIP75 may be involved in Cx43 proteasomal degradation. However, whether ubiquitination is a prerequisite for an interaction between Cx43 and CIP75 is not known.
Because the regulation of connexin levels has a direct correlation with gap junctional intercellular communication, understanding the mechanism by which connexin levels are regulated is critical. In this present work, we have found that CIP75 was a ubiquitin-binding protein that interacts with Cx43 located in the ER and that this interaction increases upon inhibition of proteasomal degradation. However, in contrast with the more typical ubiquitin-dependent pathway for proteasomal degradation, the CIP75-Cx43 interaction was not dependent on Cx43 ubiquitination. These results suggest that CIP75 regulates proteasomal degradation of non-ubiquitinated Cx43, perhaps in concert with mediating the degradation of other ubiquitinated cellular protein substrates.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-Human cervical carcinoma HeLa cells without endogenous Cx43 or stably expressing ER-localized Cx43 (HeLa-Cx43HKKSL) (53) were cultured in high glucose DMEM (Invitrogen) supplemented with 10% FBS, 20 mM L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C with 5% CO 2 . Transient transfections were conducted using Lipofectamine 2000 (Invitrogen) or the Nucleofector system (Lonza). Transfected cells were harvested 24 -48 h after transfection.
Antibodies-p27 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); CIP75 monoclonal clones A333, M398, and L64 (54); Cx43 monoclonal clone P2D12 (from Paul Lampe, Fred Hutchinson Cancer Research Center, Seattle, WA); HA (Santa Cruz Biotechnology, Inc.); ubiquitin (Santa Cruz Biotechnology, Inc.); GST (Santa Cruz Biotechnology, Inc.); His (Santa Cruz Biotechnology, Inc.); FLAG M2 (Sigma); and calnexin (Thermo) antibodies were used.
Site-directed Mutagenesis/Plasmids-Cx43 lysine to arginine mutants were generated using the QuikChange Lightning multisite-directed mutagenesis kit (Agilent Technologies) using a series of primers (Table 1) . After the mutagenesis PCR, DNA was transformed into XL-10 gold-competent cells according to the manufacturer's instructions. DNA was isolated from bacteria using the Qiagen Miniprep kit, sequenced, and then subcloned into the pcDNA3.1 expression vector using the EcoRI and XbaI restriction sites. Mutant 1 was generated with Cx43HKKSL-pcDNA DNA (53) as the template using primers Cx43K265R, Cx43K288R, and Cx43K303R. Mutant 2 was generated using Mutant 1 as the template with primers Cx43K235-242R, Cx43K259,265R, and Cx43K346,347R. Mutant 3 was generated with Mutant 2 as the template using the remaining primers.
Tagged constructs were produced by PCR amplification with Accuzyme (Bioline) using wild-type Cx43 and Cx43 lysine to arginine Mutants 1-3 as the templates. The ER retention tag RRRRISLS was added by two consecutive rounds of PCR amplification onto the 3Ј-end of each using the 5Ј primer GTA TGG ATC CAT GGG TGA CTG GAG TGC CTT and two different 3Ј primers: the 3Ј primer TGA AAT TCT TCT TCT TCT AAT CTC CAG GTC ATC AG first and then the 3Ј primer ACG AAT TCT TAT GAC AGT GAA ATT CTT CTT CT second. PCR products were subcloned into pcDNA3.1 using the BamHI and EcoRI restriction sites and sequenced to confirm their authenticity.
Other plasmids used were pMT-HA-ubiquitin (from Dirk Bohmann, University of Rochester Medical Center, Rochester, NY) (55), pTrcHis-CIP75FL (54), pET-CIP75⌬UbL (52), pET-CIP75⌬UBA (52), pcDNA-FLAG-CIP75 (52), and pcDNA-Cx43HKKSL (53) .
Tissue Blots-For the Northern tissue blot, a region from the CIP75 3Ј-UTR (bp 1981-2220 based on the sequence for the UBIN mRNA, NCBI accession number AB0400050) was PCR-amplified with Accuzyme using the 5Ј primer AGG GGA TCC ATT CGG GTC ACC GTC AAG and 3Ј primer TGG GAA TTC AGC AGC AGC AGT CAC TGG. The probe was transcribed using this template and used on the First Choice Northern blot Mouse Blot I (Ambion) using the DIG Northern Starter Kit (Roche Applied Science) according to Co-immunoprecipitations/Pull-downs-For co-immunoprecipitation of proteins in the HeLa-Cx43HKKSL stable cell line, cells were grown to confluence and then lysed in 0.2% Nonidet P-40 lysis buffer (0.2% Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCl, pH 8.0, 10 g/ml leupeptin, 10 g/ml aprotinin, 2 mM PMSF, 1 mM benzamidine, 2 mM N-ethylmaleimide). Cells were sonicated on ice 3 times for 5 s each, and the lysates clarified by centrifugation at 14,000 rpm (13,900 ϫ g) for 30 min at 4°C. Clarified supernatant proteins were precleared with Pierce Protein G-agarose (Thermo) overnight at 4°C and then immunoprecipitated with the Cx43 P2D12 monoclonal antibody or CIP75 M398 monoclonal antibody for 2-5 h at 4°C. The immune complexes were collected with Protein G-agarose and washed three times with Nonidet P-40 lysis buffer, and the proteins were released from the agarose by boiling for 5 min in SDS-PAGE sample buffer. The proteins were analyzed by SDS-PAGE and immunoblotting for Cx43 and CIP75. This analysis was repeated using HeLa cells that were transiently transfected with pcDNA-Cx43HKKSL, pcDNA-Cx43RRRRISLS, or each of the Cx43 lysine mutants.
For co-immunoprecipitation of proteins in cells treated with various degradation inhibitors, cells were grown to confluence; treated with the proteasome inhibitor lactacystin (20 M) (Sigma), the proteasome inhibitor bortezomib (0.5 M) (LC laboratories), or the lysosome inhibitor NH 4 Cl (50 mM) (Sigma) for 5 h; and then lysed in Nonidet P-40 lysis buffer for CIP75 or RIPA buffer (150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, 10 mM Tris, pH 7.2, 10 g/ml leupeptin, 10 g/ml aprotinin, 2 mM PMSF, 1 mM benzamidine, 2 mM N-ethylmaleimide) for p27 immunoprecipitations. The subsequent steps were performed as described above.
For the sequential immunoprecipitation experiments, complexes immunoprecipitated with the CIP75 M398 antibody for 2 h at 4°C were incubated in RIPA buffer for 1-2 h at 4°C to disrupt protein complexes. Released proteins were then immunoprecipitated with either the Cx43 P2D12 or HA antibodies, and the immune complexes were collected with Protein G-agarose overnight at 4°C. The immune complexes were washed three times with 0.2% Nonidet P-40 lysis buffer, and the proteins were released from the agarose by boiling for 5 min in SDS-PAGE sample buffer. The proteins were analyzed by SDS-PAGE and immunoblotting for HA, Cx43, or CIP75.
For in vitro His pull-down assays, His-CIP75wt, His-CIP75⌬UbL, and His-CIP75⌬UBA were expressed in Escherichia coli BL21 cells grown to log phase. After induction with 2 mM isopropyl 1-thio-␤-D-galactopyranoside for 3 h, the cells were harvested, resuspended in PBS supplemented with 2 mM PMSF, and sonicated on ice six times for 25 s each, and lysates were clarified by centrifugation. Lysates with His-CIP75 were incubated with Talon cobalt beads (Agilent) in binding buffer (50 mM NaH 2 PO 4 , 500 mM NaCl, 5% glycerol, 0.3% Nonidet P-40) for 2 h at 4°C. After washing the beads, 1 g of GST-monoubiquitin or Lys 48 -linked tetraubiquitin (Enzo) was added and incubated with beads for 2 h at 4°C. The beads were washed five times with binding buffer before boiling with sample buffer to release proteins. The proteins were resolved on SDS-containing 10% polyacrylamide gels and analyzed by immunoblotting with His, GST, ubiquitin, or CIP75 antibodies. All co-immunoprecipitation and pull-down experiments were performed a minimum of three times, and representative experiments are shown.
Laser-scanning Confocal Microscopy-HeLa cells were transiently transfected with pcDNA-FLAG-CIP75 and/or pcDNA-Cx43HKKSL, pcDNA-Cx43RRRRISLS, and all Cx43 lysine mutants. 24 -48 h after transfection, cells were fixed in cold 80% methanol, 20% acetone for 30 min at Ϫ20°C and washed three times with 0.1% Triton X-100 in PBS (PBSTx) for 5 min each. The cells were then blocked with 5% normal goat serum and 1% BSA in PBSTx for 30 min prior to incubation with rabbit Cx43 antibody, mouse IgG2a CIP75 L64 antibody, and mouse IgG1 calnexin antibody in blocking solution for 1 h. After three 5-min washes with PBSTx, the cells were incubated with goat anti-rabbit Alexa 594, goat anti-mouse IgG2a Alexa 488, and goat anti-mouse IgG1 Alexa 647-conjugated secondary antibodies (Invitrogen) for 1 h and then washed three times with PBS. The cells were mounted on slides with Prolong antifade reagent (Invitrogen), and the subcellular localization of Cx43, CIP75, and calnexin was visualized using the Leica ϫ63 HCX PL Apo oil immersion objective (numerical aperture 1.4) on a Leica TCS SP5 AOBS confocal microscope.
Statistical Analysis-ImageJ, GraphPad Prism 5.0, and SigmaPlot 9.0 were used for Western blot quantification and the statistical analysis of the amounts of Cx43 associated with CIP75, relative to CIP75 immunoprecipitates, using independent Student's t tests. These data are represented as the -fold change in CIP75-associated Cx43 compared with control cells and expressed as the mean Ϯ S.E. of three or more independent experiments.
RESULTS

CIP75 Is Expressed in Multiple Tissues-
We have previously demonstrated that CIP75 interacts with Cx43 (52). To further characterize CIP75, we examined the expression of CIP75 mRNA in mouse tissues by Northern blot, using a RNA probe containing a region of the CIP75 3Ј-UTR that has a unique sequence to avoid detection of other members of the UbL-UBA family. Using a blot containing mRNA from various mouse tissues, a 3.5 kb band corresponding to the CIP75 mRNA was detected in all tissues examined to varying degrees, with the highest levels of expression in the heart and thymus; moderate levels of expression in the brain, spleen, kidney, lung, and ovary; and lower levels of expression in the liver and testes (Fig. 1A) . CIP75 mRNA was also detected at high levels in whole embryo extracts. We also examined the expression of the CIP75 protein in mouse tissues by Western blot. Using a commercial blot containing protein lysates from various mouse tissues, CIP75 was detected in all tissues examined to varying degrees, with the highest levels of expression in the testes, ovary, thymus, thyroid, and kidney; moderate DECEMBER 24, 2010 • VOLUME 285 • NUMBER 52 levels of expression in the spleen, heart, and liver; and low levels of expression in the brain and lung ( Fig. 1B) . Interestingly, although most of the mouse tissues contained comparable levels of the CIP75 transcript, several tissues did not express the levels of CIP75 protein predicted by the mRNA levels. In particular, brain and lung tissues contained lower amounts of CIP75 protein than the thymus and kidney while having similar CIP75 mRNA levels. Also, the testes contained higher levels of CIP75 protein while expressing lower levels of CIP75 mRNA. However, overall, CIP75 is ubiquitously transcribed and expressed in murine tissues.
CIP75 Promotes Connexin43 Degradation
CIP75 Interacts with ER-localized Cx43-CIP75 has a role in the degradation of Cx43, possibly through ERAD. We have previously demonstrated that CIP75 co-localizes with Cx43 in or near the ER (52). To determine whether CIP75 does in fact interact with Cx43 located in the ER, the Cx43HKKSL protein was used. HKKSL is an ER retention motif that has previously been used to study the proper folding and oligomerization of Cx43 and its trafficking through the ER and Golgi (53, 56, 57) . A HeLa cell line stably expressing Cx43HKKSL was used to assess whether this would enhance the interaction between Cx43 and CIP75. Whole cell lysates were immunoprecipitated with either CIP75 or Cx43 antibodies. The CIP75 immunoprecipitation revealed the presence of Cx43HKKSL (Fig. 2,  lane 2) , and the reciprocal Cx43 immunoprecipitation contained CIP75 (Fig. 2, lane 3) . These results demonstrate that CIP75 interacted with the ER-retained Cx43HKKSL. Immunoprecipitation of CIP75 from a non-Cx43-expressing HeLa cell line was used as the negative control (Fig. 2, lane 1) .
To confirm these results, HeLa-Cx43HKKSL cells were transiently transfected with FLAG-CIP75 and labeled with antibodies against Cx43, CIP75, and the ER-resident protein calnexin. Subcellular co-localization was examined using laser-scanning confocal microscopy. Cx43HKKSL was observed to localize to the ER, as previously published (53, 56, 57) , colocalizing with calnexin ( Fig. 2, C and D) . Overexpressed CIP75 was found to co-localize with the ER-localized Cx43HKKSL (Fig. 2, B , C, and E), supporting the interaction of CIP75 and Cx43HKKSL demonstrated by the biochemical co-immunoprecipitation assays. Thus, CIP75 interacted with Cx43 that is located in the ER compartment.
CIP75 Interacts with Mono-and Tetraubiquitin in Vitro-
The UbL-UBA family of proteins has been shown to be a part of the ubiquitin-binding protein superfamily. The UBA domain, in particular, is a known ubiquitin-binding domain (42, 44, 45) . To determine whether the CIP75 UBA domain is also able to bind to ubiquitin, in vitro binding studies utilizing purified ubiquitin were conducted using either GST-tagged monoubiquitin or Lys 48 -linked tetraubiquitin chains. Mono-and tetraubiquitin serve different functions by targeting proteins to different pathways. Monoubiquitination is primarily associated with protein endocytosis and targeting to multivesicular bodies, as has been demonstrated for the internalization of Cx43 from the plasma membrane (58, 59) . By contrast, Lys 48 - linked tetraubiquitin is more typically associated with substrate proteins that are marked for proteasomal degradation (31, 32) . Members of the UbL-UBA family have been demonstrated to interact with mono-and/or tetraubiquitin to varying degrees (46 -48) . We used an in vitro assay to assess the ability of CIP75 to interact with mono-and tetraubiquitin. His-tagged wild-type CIP75 and CIP75 mutants deleted for either the UbL domain (CIP75⌬UbL) or the UBA domain (CIP75⌬UBA) were expressed in bacteria and then bound to cobalt beads. The ability of purified monoubiquitin or tetraubiquitin to bind to the immobilized wild-type CIP75 and/or the CIP75 deletion mutants was assessed by a co-precipitation assay, which was analyzed by immunoblot. Wildtype CIP75 interacted with both monoubiquitin (Fig. 3A, lane  2) and the Lys 48 -linked tetraubiquitin chain (Fig. 3B, lane 2) . This interaction was dependent on the UBA domain because the CIP75⌬UbL deletion mutant also bound both monoubiquitin (Fig. 3A, lane 3) and Lys 48 -tetraubiquitin (Fig. 3B, lane  3) , whereas the CIP75⌬UBA deletion mutant failed to bind to either type of ubiquitin ( Fig. 3, A (lane 4) and B (lane 4) ). Thus, as is characteristic of other members of the UbL-UBA protein family, CIP75 was able to bind to both monoubiquitin and Lys 48 -linked tetraubiquitin via its UBA domain.
CIP75 Interacts with Ubiquitinated Proteins Bound for Proteasomal Degradation-To determine whether the CIP75ubiquitin interaction, demonstrated in vitro, could be extended to an interaction with ubiquitinated proteins, immunoprecipitation of whole cell lysates with the CIP75 antibody was performed. Using HeLa-Cx43HKKSL cells with or without a 5-h treatment with the proteasome inhibitor lactacystin, CIP75 was immunoprecipitated, and the associated proteins were examined by immunoblot for Cx43 or ubiquitinated proteins using the Cx43 or ubiquitin antibodies, respectively. As expected, lactacystin treatment increased the total level of ubiquitinated proteins compared with the levels in untreated control cells (Fig. 4A, top, lanes 6 and 7) . As a positive control to ensure that we were able to specifically detect ubiquitinated proteins, p27 was studied because its ubiquitination has been well documented (60 -63) . p27 was immunoprecipitated, and these immune complexes were also probed with the ubiquitin antibody on the immunoblot. There was an increase in the ubiquitin signal in the proteins from lactacystin-treated cells, which was more readily apparent in the slower migrating polyubiquitinated proteins near the top of the blot. Moreover, p27 itself was also detected by the ubiquitin antibody (Fig. 4A, top, lanes 1 and 2) . CIP75 interacted with ubiquitinated proteins as indicated by the multitude of proteins of varying sizes detected with the ubiquitin antibody ( Fig. 4A, top, lane 3) , and this interaction increased with lactacystin treatment (Fig. 4A, top, lane 4) . The level of ubiquitinated proteins detected exceeded the nonspecific binding found in the immunoprecipitation control using the agarose beads only (Fig. 4A, top, lane 5) , which indicated that the ubiquitin signal associated with the CIP75 immunoprecipitates was authentic. Interestingly, the p27 immunoprecipitate appeared to contain a protein migrating similarly to Cx43 (Fig. 4A, middle, lanes 1 and 2) . However, this was not a reproducible result because use of a different Cx43 antibody failed to detect co-immunoprecipitated Cx43, indicating that this signal was not a specific interaction (data not shown). These results were replicated using cells treated with another proteasome inhibitor, bortezomib, for 5 h (data not shown). Thus, these combined results indicated that CIP75 can interact with both ER-localized Cx43 and ubiquitinated proteins. The observation that blocking proteasomal degradation increased the interaction of CIP75 with ubiquitinated proteins underscored a possible role for CIP75 in the proteasomal degradation of cellular proteins.
To confirm that CIP75 is acting specifically to regulate proteasomal degradation versus lysosomal degradation, changes in the interaction between CIP75 and ubiquitinated proteins were examined in HeLa-Cx43HKKSL cells treated with either a proteasome inhibitor (lactacystin or bortezomib) or a lysosomal inhibitor (NH 4 Cl) for 5 h. CIP75 was immunoprecipitated from treated whole cell lysates and compared with immunoprecipitates from untreated cells as well as untreated, non-Cx43-expressing HeLa cells. As previously demonstrated, inhibiting proteasome degradation with lactacystin or bortezomib increased the amount of ubiquitinated proteins that interacted with CIP75 ( Fig. 4B, top, lanes 4 and 5) . This stimulation was specific to proteasome inhibitors because inhibiting lysosomal degradation with NH 4 Cl did not exhibit the same effect. CIP75 appeared to have the same level of association with ubiquitinated proteins in cells expressing Cx43HKKSL versus cells that were not expressing Cx43 (Fig.  4B, top, lanes 1 and 2) , which confirmed the previous observa- 2 and 3) , whereas CIP75⌬UBA was not (A and B, lane 4) . IB, immunoblot. DECEMBER 24, 2010 • VOLUME 285 • NUMBER 52
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tions that CIP75 is probably interacting with ubiquitinated proteins beyond Cx43.
The amount of Cx43 interacting with CIP75 also appeared to increase after treatment with lactacystin and bortezomib. Statistical analysis was conducted on the amount of Cx43 associated with CIP75, compared with the relative amount of CIP75, and the -fold change in this association compared with untreated cells was calculated in the treated cells. Using Student's t test to determine significance, proteasomal inhibition with both lactacystin and bortezomib resulted in statistically significant increases in Cx43HKKSL association with CIP75 (p Ͻ 0.01), whereas lysosomal inhibition with NH 4 Cl did not result in a statistically significant change (Fig. 4C ). This quantitative analysis supports our previous finding that CIP75 is involved in the proteasomal degradation of Cx43 (52) .
CIP75 Interacts with Non-ubiquitinated Cx43-The previous results indicated that CIP75 interacts with ubiquitinated cellular proteins and with Cx43. However, the ubiquitination state of Cx43 specifically interacting with CIP75 was uncertain. Previous studies have demonstrated that Cx43 is ubiquitinated and that this occurs in various stages of its life cycle (17, 18, 58, 64, 65) . Recently, ubiquitination of Cx43 was found to occur when plasma membrane-localized Cx43 is internalized in response to 12-O-tetradecanoylphorbol-13acetate treatment (58, 59) . To establish if CIP75-interacting Cx43 is ubiquitinated, a sequential immunoprecipitation assay was performed. In this assay, HeLa-Cx43HKKSL cells were transiently transfected with HA-tagged ubiquitin for 48 h and then treated with lactacystin for 5 h to increase the levels of associated ubiquitinated protein. CIP75 was first immunoprecipitated from the transfected HeLa-Cx43HKKSL whole cell lysates after lactacystin treatment. This first immunoprecipitation was performed in a less stringent Nonidet P-40 lysis buffer to preserve interactions of proteins associated with CIP75, as performed in earlier co-immunoprecipitation experiments. After the first immunoprecipitation, the Protein G-agarose beads containing the CIP75 antibody and CIP75-protein complexes were subjected to the RIPA buffer containing SDS, which would disrupt protein-protein interactions. After releasing proteins from any CIP75-protein complexes, the proteins were then immunoprecipitated a second time, using either the Cx43 antibody or the HA antibody to extract ubiquitinated proteins. Both sets of immunoprecipitations were then analyzed by immunoblot with Cx43 or HA antibodies. As controls, the agarose beads with the first immunoprecipitate incubated in RIPA buffer as well as a beads alone negative control for the second immunoprecipitation were used. Incubation of protein complexes in RIPA buffer released almost all proteins (data not shown), whereas the agarose beads alone negative control did not isolate any proteins (Fig. 5, lane 4) . The CIP75 immunoprecipitation con- , top, lanes 1 and 3 compared with lanes 2  and 4) . CIP75 is not affected by lactacystin treatment (A, bottom, lanes 3 and  4) . B, immunoprecipitation of CIP75 in untreated HeLa or HeLa-Cx43HKKSL cells and HeLa-Cx43HKKSL cells that were treated with NH 4 Cl, lactacystin, or bortezomib. Immunoprecipitated CIP75 is able to interact with ubiquitinated proteins regardless of Cx43 expression (B, top, lanes 1-5) . Treatment with proteasomal inhibitors increases this interaction (B, top, lanes 4 and 5) compared with untreated cells or treatment with a lysosomal inhibitor (B, top, lanes 2 and 3) . CIP75 interaction with Cx43 is also increased in cells treated with the proteasomal inhibitors (B, middle, lanes 4 and 5) , but CIP75 is not affected by the various treatments (B, bottom, lanes 2-5) . Input levels represent 2% of the amount of lysates used for immunoprecipitations. Migration positions of the molecular mass markers in kilodaltons are indicated at the right of the co-immunoprecipitation panels. The amount of proteins in the input material is shown in the right panels of A and B. C, Cx43 levels found in the co-immunoprecipitation assays were quantified with ImageJ and analyzed relative to the immunoprecipitated CIP75 levels with GraphPad Prism 5.0 and SigmaPlot 9.0 software. The data represent the mean of at least four independent experiments Ϯ S.E. (n ϭ 10 for untreated cells, n ϭ 4 for NH 4 Cl-treated cells, n ϭ 6 for lactacystin-treated cells, n ϭ 8 for bortezomib-treated cells). **, -fold change in Cx43 levels relative to CIP75 with statistically significant difference (p Ͻ 0.01) compared with the untreated control cells. IP, immunoprecipitation; IB, immunoblot.
tained Cx43 and various ubiquitinated proteins (Fig. 5, top  and middle, lane 1) . The Cx43 sequential immunoprecipitation revealed Cx43 (Fig. 5, middle, lane 2) ; however, significantly, ubiquitinated protein was not detected (Fig. 5, top,  lane 2) . Conversely, the HA sequential immunoprecipitation revealed ubiquitinated proteins (Fig. 5, top, lane 3) ; however, this immunoprecipitation did not isolate Cx43 (Fig. 5, middle,  lane 3) . The only signal detected with the HA immunoprecipitation in the Cx43 immunoblot was the IgG heavy chain (Fig. 5, middle, lane 3) . Likewise, the only signal detected with the Cx43 immunoprecipitation in the HA immunoblot was the IgG heavy and light chains (Fig. 5, top panel, lane 2) . Together, these results suggested that although CIP75 does interact with ubiquitinated proteins, the subset of ER-localized Cx43 that interacts with CIP75 is not ubiquitinated.
To validate this critical and surprising finding, Cx43 mutants that lacked lysine ubiquitination sites were generated. In the process of ubiquitination, ubiquitin moieties are covalently bound to lysine residues of target substrates. A sub-stitution of arginine in the place of lysine blocks the attachment of ubiquitin. Because we do not know which residues in Cx43 are ubiquitinated, three separate sets of Cx43HKKSL arginine mutants were generated (Fig. 6A ). We previously identified the region of Cx43 that interacted with CIP75 to be within the Lys 264 -Asn 302 region in the C-terminal tail (52, 66) . Thus, Mutant 1 contained three point mutations, K264R, K287R, and K303R, to residues that are located in or immediately adjacent to the CIP75 interaction domain. Mutant 2 contained five additional mutations, resulting in the mutation of all lysines to arginines in the Cx43 C-terminal tail. In Mutant 3, every lysine residue in Cx43 was mutated to arginine.
Cx43HKKSL and lysine Mutants 1-3 were transiently transfected into non-Cx43-expressing HeLa cells. Whole cell lysates from transfected cells were immunoprecipitated using the CIP75 antibody and subsequently immunoblotted for Cx43 to determine whether CIP75 could still interact with the various lysine mutants. Immunoprecipitated CIP75 interacted with Cx43HKKSL (Fig. 6B, lane 2) , lysine Mutant 1 (Fig. 6B,  lane 3) , lysine Mutant 2 (Fig. 6B, lane 4) , and lysine Mutant 3 (Fig. 6B, lane 5) . Untransfected HeLa cells were used as a negative control (Fig. 6B, lane 1) . These results confirmed that Cx43 does not require ubiquitin modification(s) in order to interact with CIP75. However, the ER retention tag HKKSL contains two additional lysine residues. To ensure that ubiquitination of these two remaining lysine residues was not contributing to the interaction of the ER-localized Cx43 with CIP75, an alternate ER retention tag, RRRRISLS, was substituted for the HKKSL tag (67) . Wild-type Cx43 and lysine Mutant 3 were both generated containing the alternate RRRRISLS tag. Cx43HKKSL, Cx43HKKSL Mutant 3, Cx43RRRRISLS, and Cx43RRRRISLS Mutant 3 were transiently transfected into non-Cx43-expressing HeLa cells. CIP75 was again immunoprecipitated from whole cell lysates, with untransfected HeLa cells used as a negative control (Fig.  6C, lane 1) . Compared with Cx43HKKSL (Fig. 6C, lane 2) and the Cx43HKKSL Mutant 3 (Fig. 6C, lane 4) , Cx43RRRRISLS (Fig. 6C, lane 3) and the Cx43RRRRISLS Mutant 3 (Fig. 6C , lane 5) were still able to interact with CIP75, indicating that the HKKSL tag was not aberrantly mediating interaction with CIP75. These data further supported the conclusion that CIP75 interacts with non-ubiquitinated Cx43. Inspection of the Cx43 immunoblots appeared to suggest possible differences in the association of CIP75 with the lysine mutants. However, differences in band intensities on the immunoblots were probably due to variations in transfection efficiencies of the transient transfections. To establish this, quantitative analyses were performed on the levels of Cx43 associated with immunoprecipitated CIP75, normalized to the relative levels of Cx43, similar to the statistical analysis previously performed for the Cx43-CIP75 association after degradation inhibitor treatment. We performed Student's t test on the difference in association of the various Cx43 proteins (wild-type Cx43HKKSL or Cx43RRRRISLS or the lysine mutants) from CIP75 and found that in all cases, the p values were greater than 0.1. Thus, there was no significant difference in the binding between CIP75 and the wild-type Cx43HKKSL, compared with any of the lysine mutants, and no significant difference in FIGURE 5 . CIP75 interacts with non-ubiquitinated Cx43. Sequential immunoprecipitation of ubiquitinated protein and Cx43HKKSL that interacts with CIP75 in lactacystin-treated HeLa-Cx43HKKSL cells. CIP75 was first immunoprecipitated from cellular lysates. Immune complexes were subsequently disrupted using RIPA buffer and subjected to a second immunoprecipitation of Cx43 or HA-tagged ubiquitinated proteins to isolate the subset of proteins that interact with CIP75. CIP75 interacts with Cx43HKKSL and HA-ubiquitin-tagged proteins (top and middle, lane 1). Cx43HKKSL that was initially co-immunoprecipitated with CIP75 is not ubiquitinated (top and middle, lanes 2 and 3) , whereas ubiquitinated proteins that were initially co-immunoprecipitated with CIP75 are separately recovered (top, lane 3). CIP75 is not recovered after the sequential immunoprecipitation (bottom, lanes 2 and 3). *, IgG heavy chain; **, light chain. Migration positions of the molecular mass markers in kilodaltons are indicated at the right of the coimmunoprecipitation panels. Protein inputs are shown in the right panels and represent 2% of the amount of lysates used for immunoprecipitations. IP, immunoprecipitation; IB, immunoblot. DECEMBER 24, 2010 • VOLUME 285 • NUMBER 52
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binding between CIP75 and wild-type Cx43RRRRISLS, compared with the corresponding Mutant 3.
Finally, non-Cx43-expressing HeLa cells were transiently co-transfected with FLAG-CIP75 and either Cx43HKKSL, each of the three corresponding lysine mutants, Cx43RRRRISLS, or the corresponding lysine Mutant 3. These cells were labeled with antibodies against CIP75, Cx43, and calnexin and visualized by laser scanning confocal microscopy. As expected, Cx43HKKSL (Fig. 7A ), Cx43HKKSL Mutant 1 (Fig. 7B ), Cx43HKKSL Mutant 2 (Fig. 7C ), Cx43HKKSL Mutant 3 (Fig.  7D) , Cx43RRRRISLS (Fig. 7E) , and Cx43RRRRISLS Mutant 3 ( Fig. 7F ) localized to the ER, along with the ER marker, calnexin. Transfected FLAG-CIP75 was found partially co-localized with Cx43HKKSL ( Fig. 7A ), Cx43RRRISLS (Fig. 7E) , and all of the lysine mutants ( Fig. 7, B-D and F) . These combined results further indicated that the ubiquitination of Cx43 is not a requirement for its interaction with CIP75.
DISCUSSION
In this work, we found that CIP75 interacted specifically with ER-localized Cx43 through biochemical assays and immunofluorescence microscopy studies. Our previous data had FIGURE 6. CIP75 interacts with Cx43 that lacks lysine ubiquitination sites. A, site-directed mutagenesis was performed to mutate lysine residues to arginine to eliminate potential ubiquitination sites. Mutant 1 consists of mutations K264R, K287R, and K303R (red) because these wild-type residues appear to be involved or near those that are involved in CIP75 binding. Mutant 2 consists of the same mutations in Mutant 1 plus the additional mutations K236R, K239R, K243R, K345R, and K346R (green). Mutant 2 represents mutations of all lysine residues in the C-terminal tail. In Mutant 3, all lysine residues in Cx43 are mutated (blue). suggested a role for CIP75 in Cx43 proteasomal degradation (52) . We have now demonstrated an increased association of CIP75 and ER-localized Cx43 after inhibition of proteasomal degradation but not after inhibition of lysosomal degradation. This observation provides additional support for a role for CIP75 in the ERAD of Cx43. Proteasomal degradation typically requires a ubiquitin tag (thought to specifically be at least a Lys 48 -linked tetraubiquitin chain) covalently attached to target substrates, which marks these proteins for degradation via the proteasome (31, 32) . However, our sequential immunoprecipitation studies demonstrated that although CIP75 is a ubiquitin-binding protein, it did not appear to interact with ubiquitinated Cx43. Furthermore, the lack of ubiquitination of the Cx43 lysine to arginine mutants did not affect their ability to interact with CIP75 in the biochemical co-immunoprecipitation and immunofluorescence microscopy experi-ments. These results thus present a rare case of a non-ubiquitinated protein that is targeted for proteasomal degradation. There are only a few proteins known to be degraded by the proteasome in the absence of ubiquitination (68) . The most conclusively demonstrated example is the enzyme ornithine decarboxylase, which is not ubiquitinated and yet undergoes proteasomal degradation (69 -71) . Our results are surprising because Cx43 ubiquitination has been previously well documented (17, 58, 64, 65) . However, we cannot exclude other mechanisms that might facilitate the proteasomal degradation of ubiquitinated Cx43 that do not involve CIP75. The precise subcellular location(s) of Cx43 ubiquitination has not been thoroughly resolved. However, previous studies on this issue have suggested that the ubiquitination of Cx43 occurs primarily as Cx43 is trafficked from the plasma membrane (58, 59, 65) . Thus, it is conceivable that Cx43 that is in the ER and subjected to ERAD is not ubiquitinated, which would be consistent with our results.
A "shuttle hypothesis" has been proposed for other members of the UbL-UBA protein family, such as Rad23, where these proteins may act to shuttle target substrates to the proteasome for degradation (33, 72) . Based on this and our previous and current results, we propose a model for the role of CIP75 in facilitating Cx43 degradation where CIP75 interacts with non-ubiquitinated Cx43 in the ER and then acts as a shuttle to transport Cx43 from the ER to the proteasome for degradation, through ERAD (Fig. 8 ). CIP75 would bind to the C-terminal tail of ER-localized Cx43 with its UBA domain, perhaps aiding the translocation of Cx43 out of the ER membrane and then facilitating the transport of Cx43 to the proteasome, where the UbL domain of CIP75 interacts with the 19 S proteasome cap subunits, Rpn1 and Rpn10, leading to the proteasomal degradation of Cx43. Interestingly, no direct interaction has yet been reported between Cx43 and any proteasomal proteins. However, we have previously shown that CIP75 can interact with the proteasome proteins, Rpn1 and Rpn10, subunits of the 19 S cap subunit of the 26 S proteasome (52) . The Rpn1 and Rpn10 19 S subunits have been reported to be involved in the recognition of proteasomal substrates (73) (74) (75) . Thus, CIP75 may mediate the interaction between Cx43 and the proteasome and may represent a "missing link" in this process.
Cx43 has been observed to be subject to ERAD. Studies from the laboratory of L. Musil (14, 30) have examined Cx43 degradation through ERAD. They have shown that the specific blockade of proteasome degradation resulted in an increase in Cx43 levels, an increase in gap junction assembly, and the corresponding increase in intercellular communication (14, 30) . These effects were not observed with lysosomal inhibitors. These studies suggested that a portion of the newly synthesized Cx43 is degraded through ERAD while the rest is trafficked to the membrane and contributes to increased gap junction formation and intercellular communication. It has also been demonstrated that different types of cellular stresses result in different consequences in the trafficking of Cx43. Specific ER stresses, such as that induced by DTT treatment, result in increased translocation of Cx43 out of the ER and increased proteasomal degradation. However, cytosolic stresses, such as hyperthermia or sodium arsenite treatment, have the opposite effect, resulting in decreased Cx43 ER translocation, increased trafficking to the plasma membrane, and gap junction communication (30) . Thus, the regulation of ERAD can result in changes in the level of Cx43, which may alter gap junctional communication. The discovery of a mechanism involving CIP75 in facilitating ER-localized Cx43 proteasomal degradation suggests that regulation of CIP75 activity, and hence Cx43 levels, may have a significant effect on gap junctional intercellular communication.
We also found that CIP75 can interact with a variety of unidentified ubiquitinated cellular proteins, and in vitro pulldown experiments demonstrated that CIP75 binds to both monoubiquitin and Lys 48 -linked tetraubiquitin chains via its FIGURE 8. Model of CIP75 facilitating the proteasomal degradation of Cx43. CIP75 may act a shuttle to transport non-ubiquitinated Cx43 from the ER to the proteasome for degradation. CIP75 would bind to the C-terminal tail of ER-localized Cx43 via the UBA domain, perhaps aid in translocating Cx43 out of the ER membrane into the cytosol, and then transport Cx43 to the proteasome, where CIP75 binds to the 19 S proteasome cap subunits Rpn1 and Rpn10 via the CIP75 UbL domain, and Cx43 is subsequently degraded.
UBA domain. Because Lys 48 -linked tetraubiquitin is the prevalent ubiquitin marker for proteasome degradation (31, 32) and because the interaction of CIP75 with ubiquitinated proteins in cells increases upon inhibition of proteasomal degradation, it is possible that CIP75 may regulate the proteasomal degradation of substrates other than Cx43. We have recently demonstrated that the amino acid residues that interact with Cx43 are not the same as the residues that interact with free ubiquitin (66) , further supporting the notion that CIP75 may interact with other ubiquitinated substrates bound for proteasome degradation. Other members of the UbL-UBA family interact with multiple substrates (33) , suggesting that this family of proteins may have a widespread role in cellular homeostasis, specifically through the regulation of proteasomal degradation. CIP75 is ubiquitously transcribed and expressed in all murine tissues we examined via Northern and Western blots, albeit to varying degrees, supporting a possible ubiquitous activity of CIP75. Interestingly, the levels of CIP75 mRNA did not always correlate with the levels of CIP75 protein found in the various tissues, such as in the brain and lung tissues, suggesting a perhaps more complex mechanism that regulates the translation of the CIP75 protein from the mRNA. We also observed that CIP75 is able to bind to free monoubiquitin. Different forms of ubiquitination are thought to have distinct consequences. Whereas Lys 48 -linked tetraubiquitin typically marks a protein for proteasomal degradation, Lys 63 -linked ubiquitin chains are thought to be involved in signaling, and monoubiquitin has been reported to have a role in endocytosis (76) . Given the ability of CIP75 to interact with monoubiquitin, CIP75 may have another function that is unrelated to its role in proteasomal degradation.
It is clear that there is still much to be discovered about CIP75 and the functional aspects of its interaction with Cx43 and, in general, the family of UbL-UBA proteins. Elucidating the mechanisms that regulate the function of CIP75 as a mediator of protein degradation via the proteasome will provide insights into how the cell is able to maintain proper levels of proteins employing the members of this UDP subfamily of proteins. In the case of Cx43, uncovering how CIP75 is regulating Cx43 levels may help to extend the understanding of the mechanisms that regulate Cx43 expression and therefore gap junction formation and intercellular communication. Because it is crucial for cell to cell communication to be tightly regulated, a better understanding of the various mechanisms that control different aspects of the Cx43 life cycle can lead to a better understanding of normal cellular function as well as the diseases caused by the misregulation of Cx43.
